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Summary
The Gli-like transcription factor TRA-1 of C. elegans
promotes female development by repressing the tran-
scription of male-specific genes. We have found that
tra-1 interacts with tra-4, a previously uncharacterized
gene that encodes a protein similar to the human
proto-oncoprotein and transcriptional repressor PLZF.
In this context, the TRA-4 protein functions with
NASP-1, a C. elegans homolog of the mammalian his-
tone chaperone NASP, and the histone deacetylase
HDA-1.We also found that tra-4 is amember of the syn-
Muv B group of genes, many of which encode homo-
logs of components of theDrosophilaMyb-MuvB tran-
scriptional repressor complex, and that several
synMuv B genes also promote female development.
Based on these results, we propose that male-specific
genes are repressed in C. elegans hermaphrodites by
the combined action of TRA-1/Gli, a complex com-
posed of TRA-4/PLZF-like, NASP, and HDA-1/HDAC,
and synMuv B proteins. Similar interactions may func-
tion in sex determination and developmental regula-
tion in other species.
Introduction
The nematode Caenorhabditis elegans develops either
as a self-fertile hermaphrodite or as a male. Self-fertile
hermaphrodites are essentially females; however, their
germline transiently produces sperm during larval de-
velopment (Brenner, 1974). The primary signal that de-
termines whether an animal will develop into a hermaph-
rodite or a male is the X chromosome-to-autosome (X/A)
ratio (reviewed by Meyer [2005] and Zarkower [2006]). In
animals with two X chromosomes (XX), the X/A ratio is
high. This has two consequences: (1) it induces dosage
compensation, which results in a 50% reduction in the
expression of genes located on the two X chromo-
somes, and (2) it induces sex determination by blocking
*Correspondence: barbara.conradt@dartmouth.eduthe expression of the gene her-1, which encodes a se-
creted protein. The lack of HER-1 protein in XX animals
results in the activation of the Patched-like transmem-
brane protein TRA-2, which is a negative regulator of
the proteins FEM-1 (a novel protein), FEM-2 (a type 2C
protein phosphatase), and FEM-3 (an ankryin repeat-
containing protein) (collectively referred to as FEM pro-
teins). A low level of FEM activity results in the activation
of the zinc finger DNA binding protein TRA-1, the termi-
nal, global regulator of somatic sexual fate. A high level
of TRA-1 activity promotes female development in so-
matic tissues. Therefore, XX animals develop into ani-
mals with a female soma, i.e., hermaphrodites. In ani-
mals with one X chromosome (X0), the X/A ratio is low,
which blocks dosage compensation and induces the ex-
pression of the her-1 gene. The presence of HER-1 pro-
tein inhibits TRA-2 activity, thus allowing a high level of
FEM activity and, consequently, resulting in a low level
of TRA-1 activity. A low level of TRA-1 activity is not suf-
ficient to promote female development in somatic tis-
sues. For this reason, X0 animals develop into animals
with a male soma, i.e., males.
The TRA-1 protein contains five Kru¨ppel-like zinc fin-
gers, which are most similar to the zinc fingers of the
Drosophila protein Cubitus interruptus (Ci) and the ver-
tebrate Gli proteins (referred to as Ci/Gli) (Zarkower
and Hodgkin, 1992). Ci/Gli act as activators of transcrip-
tion (reviewed by Hooper and Scott, 2005; Ruiz i Altaba
et al., 2002). In addition, Ci and Gli3 can be processed
proteolytically by the proteasome, and their processed
forms act as repressors of transcription. The ability of
Ci/Gli to activate transcription is mediated by the coac-
tivator CBP (CREB binding protein), which has histone
acetyltransferase (HAT) activity (Akimaru et al., 1997;
Dai et al., 1999), whereas the ability of Ci/Gli to repress
transcription is dependent on corepressors and the ac-
tivity of histone deacetylases (HDAC). For example, the
ability of the processed form of Gli3, Gli3Rep, to repress
transcription is dependent on the protein Ski, which
physically interacts with Gli3Rep and recruits corepres-
sor complexes, such as the N-CoR/SMRT and Sin3
complexes, and HDACs to Gli target genes (Dai et al.,
2002). Furthermore, the protein Suppressor of Fused
(Su(fu)) blocks Gli- and, most likely, Ci-mediated tran-
scription by physically interacting with Ci/Gli and by re-
cruiting the Sin3 corepressor complex to Ci/Gli target
genes (Cheng and Bishop, 2002). Therefore, coactiva-
tors and corepressors and the acetylation of histones
are integral aspects of the mechanisms through which
Ci/Gli-like transcription factors control transcription.
There is currently no evidence that the Gli-like protein
TRA-1 of C. elegans acts as an activator of transcription,
at least in somatic tissues (reviewed by Zarkower, 2006).
In contrast, TRA-1 has been shown to act as a repressor
of transcription (Conradt and Horvitz, 1999; Yi et al.,
2000). Hence, it has been proposed that TRA-1 pro-
motes female development in somatic tissues by re-
pressing the transcription of genes required for male de-
velopment (referred to as male-specific genes). Unlike
Ci/Gli, TRA-1 has so far not been shown to require the
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562Table 1. Loss of tra-4 Function Causes Defects in Feminization
Genotype Sexual Karyotype % CEMs Present (n) % HSNs Present (n)
% Male-like B Cell
Nucleus (n)
% Male-like
Coelomocyte Position (n)
+/+ XX 0 (192) 95 (100) 0 (50) 2 (50)
+/+ X0 98 (92) 1 (100) 100 (50) 96 (50)
tra-2(n1106) XX 86 (88) 10 (72) 89 (36) 86 (36)
tra-4(bc45) XX 67 (212) 24 (126) 77 (52) 81 (52)
tra-4(bc250) XX 97 (124) 5 (104) 94 (52) 87 (52)
tra-4(RNAi) XX 96 (140) 14 (58) 55 (29) 86 (28)
Control(RNAi) XX 1 (96) 97 (32) 0 (19) 5 (19)
tra-4(bc250)/+a XX 0 (48) 98 (42) 0 (21) 5 (21)
The presence of CEMs and HSNs, the morphology of B cell nuclei, and the position of coelomocytes were scored by Nomarski optics as
described in Experimental Procedures. F53B3.2(RNAi) was used as control(RNAi).
a Indicates that the strain was heterozygous for the integration bcIs9 (Ppkd-2gfp) (LG X).activity of corepressor complexes to repress gene tran-
scription. Furthermore, it is unknown whether histone
deacetylation plays a role in TRA-1-mediated transcrip-
tional repression. In this paper, we report that a tran-
scriptional repressor complex composed of TRA-4/
PLZF-like, NASP, and HDA-1/HDAC cooperates with
TRA-1 to repress male-specific genes in C. elegans her-
maphrodites. In addition, we present evidence that
a number of synMuv B proteins, many of which have
been implicated in transcriptional repression and chro-
matin remodeling, also function to promote female
development.
Results
tra-4 Promotes Female Development and Encodes
a Zinc Finger-Containing Protein
AdultC. elegans hermaphrodites (XX) and males (X0) are
highly sexually dimorphic. In contrast, newly hatched
C. elegans XX and X0 larvae have only a limited number
of sexually dimorphic features (Sulston and Horvitz,
1977). These features include the presence of the
male-specific cephalic companion neurons (CEMs),
the presence of the hermaphrodite-specific neurons
(HSNs), the morphology of the B cell nucleus, and the
position of the coelomocytes. The CEMs are male spe-
cific as a result of programmed cell death (Sulston
et al., 1983). In a screen for mutations that cause the
CEMs to inappropriately survive in hermaphrodites, we
isolated the recessive mutation bc45 (C. Huber and
B.C., unpublished data). In wild-type males, 98% of
the CEMs are present. In contrast, 0% of the CEMs are
present in wild-type hermaphrodites. We found that
67% of the CEMs were present in hermaphrodites ho-
mozygous for bc45 (Table 1). Furthermore, in most
newly hatched bc45 XX larvae, the HSNs were absent,
and the B cell nuclei and coelomocytes had a male-
like morphology or position, respectively (Table 1). Adult
bc45 XX animals have an overall hermaphrodite appear-
ance; however, they are egg-laying defective (Egl) due
to the lack of the HSNs. The defects caused by bc45
are reminiscent of the defects caused by weak loss-of-
function (lf) mutations in genes required for female de-
velopment, such as the mutation n1106 in the gene
tra-2 (Desai and Horvitz, 1989) (Table 1). We conclude
that bc45 causes a weak masculinization of hermaphro-
dites, that is, a weak Tra (Tra, for transformer) pheno-type. For this reason, we named the gene defined by
bc45 tra-4.
We cloned the tra-4 gene and found that it is identical
to the open reading frame F53B3.1 on linkage group (LG)
X, which we will refer to from here on as tra-4 (Figures 1A
and 1B). tra-4 encodes a 543 amino acid (aa) protein with
seven C2H2-type zinc fingers. bc45 leads to a histidine-
to-tyrosine substitution at position 493 in the sixth zinc
finger of the TRA-4 protein (Figures 1A and 1D). We iso-
lated a deletion in tra-4, bc250, which deletes 1068 bp
and is predicted to truncate the TRA-4 protein after aa
380 (Figures 1A and 1D). The resulting protein should
lack the last five zinc fingers. bc250 causes the same de-
fects in feminization as bc45, but with a higher pene-
trance (Table 1). In addition, tra-4(RNAi) does not further
enhance the penetrance or expressivity of the defects
caused by bc250 (data not shown). Hence, bc250 most
likely represents a null allele of the tra-4 gene. We
conclude that tra-4 encodes a zinc finger-containing
protein and that the tra-4 null phenotype is a weak Tra
phenotype. Therefore, the tra-4 gene promotes female
development.
Loss of tra-4 function affects female development
during embryogenesis (i.e., CEM death, HSN survival,
morphology of B cell nucleus, coelomocyte position).
To determine whether loss of tra-4 function also affects
female development during postembryonic develop-
ment, we tested whether tra-4(bc250) enhances the
weak Tra phenotype caused by tra-2(n1106). Adult tra-
4(bc250) or tra-2(n1106) hermaphrodites rarely have a
strongly masculinized, or ‘‘Tra,’’ tail (see below, Table 2).
However, we found that 46% of tra-2(n1106); tra-
4(bc250) hermaphrodites had a Tra tail (Table 2). Male
tail development occurs during larval development.
Therefore, tra-4 promotes female development during
both embryonic and postembryonic development.
tra-4 Acts Downstream of, or in Parallel to, her-1 and
tra-2 and Upstream of, or in Parallel to, fem-1, fem-2,
and fem-3
To place tra-4 function within the sex-determination
pathway, we examined the interaction of tra-4(bc250)
with null mutations in her-1, fem-1, fem-2, and fem-3
and a gain-of-function (gf) mutation in tra-2. her-
1(y101hv1); tra-4(bc250) hermaphrodites and tra-
2(e2020gf); tra-4(bc250) hermaphrodites had CEMs, in-
dicating that the loss of tra-4 function masculinizes
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563Figure 1. The tra-4 Gene Encodes a PLZF-like Protein
(A) (Top) Genetic map. Genes and single-nucleotide polymorphisms (SNPs) used for mapping the mutation bc45 on linkage group (LG) X are
indicated. The numbers below the genetic map represent the fraction of the four recombination events identified between SNPs F55F1:6752
and F53B3:29540 that occurred between the loci indicated. (Middle) Physical map. Cosmids that cover the interval between SNPs
F55F1:6752 and F53B3:29540 were tested for the rescue of tra-4(bc45) and are shown. (Bottom) Structure of part of cosmid F53B3 with predicted
open reading frames (ORFs). The black boxes in ORFs represent untranslated sequences, and the white boxes represent coding sequences.
Gray boxes in the coding sequence of ORF F53B3.1 indicate regions that code for C2H2-type zinc fingers. pBC291 contains a 5.7 kb XmaI frag-
ment of F53B3 that rescues tra-4(bc45) (see below [B]). The position of mutation bc45 and the extent of deletion bc250 are indicated above and
below, respectively, F53B3.1.
(B) tra-4(bc45) rescue data. Three independent lines of transgenic tra-4(bc45) animals carrying pBC291 as an extrachomosomal array were gen-
erated, and rescue was scored as described in Experimental Procedures by using the reporter Ppkd-2gfp.
(C) Expression of tra-4. Transgenic tra-4(bc45) embryos in utero, expressing the functional transgene Ptra-4gfp-tra-4 (bcEx282) starting from the
28-cell stage. Nomarski and epifluorescence image.
(D) Alignment of the protein sequences of TRA-4 and human PLZF (hPLZF). The alignment was done by using the DIALIGN algorithm. The regions
of the zinc fingers were aligned separately from the N-terminal parts of the sequences and corrected by hand to match the cysteines and his-
tidines of the zinc finger domains. Identical amino acids have a black background, and amino acids with similar biochemical properties have
a gray background. The box indicates the RD2 domain (amino acids 200–300 of hPLZF). The black bars above the TRA-4 sequence mark the
positions of the seven zinc finger domains of TRA-4. The position at which the deletion tra-4(bc250) is predicted to truncate the TRA-4 protein
is indicated by a black arrowhead above the TRA-4 sequence. The amino acid that is changed as a result of the tra-4mutation bc45 (His493Tyr) is
indicated by an asterisk (*).
(E) Schematic representation of the TRA-4 and hPLZF proteins. The POZ domain of hPLZF is not found in TRA-4. The lines between the sche-
matic proteins indicate domains that have high similarity. Also indicated are the truncated TRA-4 proteins TRA-4DC (amino acids 1–201) and
TRA-4DN (amino acids 202–543) used for interaction studies in yeast.her-1(y101hv1) and tra-2(e2020gf) hermaphrodites (Ta-
ble S1; see the Supplemental Data available with this
article online). In contrast, tra-4(bc250) failed to mascu-
linize fem-1(e1965), fem-2(e2105), or fem-3(e1996) her-
maphrodites (Table S1). These results suggest that
tra-4 functions downstream of, or in parallel to, her-1
and upstream of, or in parallel to, the fem genes. Further-
more, tra-4 might act downstream of, or in parallel to,
tra-2. Although these data could indicate that tra-4
might act as a negative regulator of the fem genes,
further evidence suggests that tra-4 acts in parallel to
the fem genes (see below).tra-4 Is Widely Expressed and Encodes
a Nuclear Protein
To analyze the expression pattern of tra-4, we con-
structed a transgene that expresses a GFP-TRA-4
(GFP, green fluorescent protein) fusion protein under the
control of the tra-4 promoter (Ptra-4gfp-tra-4). Ptra-4gfp-
tra-4 rescued the CEM death defect of tra-4(bc45) her-
maphrodites, indicating that the transgene is functional
(data not shown). GFP was detected in the nuclei of
most, if not all, somatic cells in transgenic tra-4(bc45)
hermaphrodites (Figure 1C; data not shown). GFP was
detected as early as the 28-cell stage of embryogenesis
Developmental Cell
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Ptra-4gfp-tra-4 was also expressed in most, if not all, so-
matic cells, including the CEMs, in transgenic tra-
4(bc45) males (data not shown). We conclude that the
tra-4 gene is expressed throughout the soma of both
hermaphrodites and males and that the TRA-4 protein
is predominantly nuclear.
The tra-4 lf phenotype shows strong maternal rescue:
100% of tra-4(bc250) hermaphrodites are Egl when de-
rived from tra-4(bc250) hermaphrodites (n = 127); how-
ever, only 7% of tra-4(bc250) hermaphrodites are Egl
when derived from hermaphrodites heterozygous for
tra-4(bc250) (n = 44). This observation indicates that
tra-4 is also expressed in the hermaphrodite germline.
The TRA-4 Protein Is Similar to the Human Proto-
Oncoprotein PLZF
Because of the C2H2-type zinc fingers found in the TRA-
4 protein sequence, searches of current nucleotide and
protein databases identified many sequences and pro-
teins with significant similarities to the tra-4 gene or
the TRA-4 protein. The protein of non-nematode species
found to be most similar to TRA-4 is the human proto-
oncoprotein PLZF (PLZF, promyelocytic leukemia zinc
Figure 2. TRA-4 and HDA-1 Physically Interact
(A) Extracts from tra-4(bc45) animals (2) or tra-4(bc45) animals ex-
pressing the transgene Ptra-4gfp::tra-4 (+) were immunoprecipitated
by anti-GFP or anti-FLAG antibodies as described in Experimental
Procedures. The precipitated proteins were analyzed for the pres-
ence of endogenous HDA-1 with anti-HDA-1 antibodies. Equal
amounts of HDA-1 (‘‘Input’’) were present in the lysates before the
precipitation.
(B) b-galactosidase activity was measured in at least three indepen-
dent yeast clones transformed with the indicated bait and prey fu-
sions as described in Experimental Procedures. The interaction
between the proteins EGL-1 and CED-9 was used as a positive con-
trol. ‘‘++’’ and ‘‘+’’ indicate that b-galactosidase activity was detect-
able after 2 or 6 hr, respectively. ‘‘2’’ indicates that no b-galactosi-
dase activity was detectable after 24 hr. The superscript ‘‘a’’
indicates that the interaction appears to be dependent on the
copy number of the plasmids and hence the expression level of
nasp-1 and hda-1 in yeast.finger protein) (reviewed by Mistry et al., 2003; Zelent
et al., 2001) (Figures 1D and 1E). PLZF contains nine
Kru¨ppel-like C2H2-type zinc fingers, which are located
near its C terminus. Near its N terminus, PLZF contains
two additional domains: first, the POZ (POZ, pox-virus
and zinc finger) or BTB (BTB, bric-a`-brac, tramtrack,
broad finger proteins) domain, a protein-protein interac-
tion and homodimerization domain that is found in
a wide range of proteins with various cellular functions;
second, the RD2 (RD2, repressor domain 2) domain,
a second protein-protein interaction domain, which is
unique to PLZF. PLZF is a sequence-specific DNA bind-
ing protein and transcriptional repressor. The ability of
PLZF to repress transcription is dependent on the activ-
ities of corepressors and HDACs, which are recruited to
PLZF through its POZ and RD2 domains. For example,
the corepressor ETO (ETO, eight-Twenty one) associ-
ates with the RD2 domain of PLZF and recruits the
N-CoR/SMRT complex as well as HDACs to the PLZF
protein (Melnick et al., 2000).
The alignment of the protein sequences of TRA-4 and
PLZF revealed that the six C-terminal zinc fingers of the
two proteins are highly similar (Figures 1D and 1E). In ad-
dition, the N terminus of TRA-4 shares significant simi-
larity with the RD2 domain of PLZF. In contrast, there
is no evidence for the presence of a POZ domain in the
TRA-4 sequence. TheC. elegans genome encodes addi-
tional proteins, most notably the protein EOR-1 (EOR,
egl-1 suppressor/DiO uptake defective/Raf enhancer),
with significant similarities to PLZF (Hoeppner et al.,
2004; Howard and Sundaram, 2002). While EOR-1 has
a POZ domain, it lacks sequences similar to the RD2 do-
main. We conclude that TRA-4 is a PLZF-like protein.
The TRA-4 Protein Complexes with NASP-1
and HDA-1
The ability of PLZF to repress transcription is dependent
on HDAC activity. Furthermore, PLZF physically associ-
ates with HDACs in vivo (Mistry et al., 2003; Zelent et al.,
2001). Therefore, we determined whether the TRA-4 pro-
tein physically associates with the class I HDAC HDA-1
in C. elegans (Lu and Horvitz, 1998). To that end, we
immunoprecipitated GFP-TRA-4 protein from lysates
generated from tra-4(bc45) animals transgenic for the
functional transgene Ptra-4gfp-tra-4. We analyzed the
precipitate for the presence of coprecipitating, endoge-
nous HDA-1 protein by using an anti-HDA-1 antibody.
We detected HDA-1 in precipitates from transgenic
tra-4(bc45) animals, but not in precipitates from control
tra-4(bc45) animals (Figure 2A). Furthermore, an unre-
lated antibody (anti-FLAG) failed to precipitate HDA-1
from transgenic tra-4(bc45) animals. We conclude that
TRA-4 and HDA-1 physically associate in vivo either
directly or indirectly.
We failed to detect an interaction between TRA-4 and
HDA-1 in yeast, suggesting that the two proteins interact
indirectly in C. elegans (data not shown). In mammals,
the corepressor ETO functions as a bridging protein be-
tween PLZF and HDACs. The C. elegans genome does
not appear to encode an ETO homolog. However,
a search of the C. elegans interactome network data-
base revealed that both TRA-4 and HDA-1 have been
found to interact with the product of a previously un-
characterized open reading frame, C09H10.6, in yeast
Transcriptional Repression in Sex Determination
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high similarity to the nuclear autoantigenic sperm pro-
tein of mouse (mNASP) (Figure S1). For this reason, we
named C09H10.6 nasp-1 (nasp, NASP-like). mNASP is
a tetratricopeptide (TPR) repeat domain-containing H1
linker histone binding protein, which is part of a multi-
chaperone complex, implicated in nucleosome remod-
eling (Richardson et al., 2000, 2006). Furthermore, we
Table 2. Some SynMuv B and C Genes Promote Female
Development
% XX Animals
with Tra Tail
Genotype
% XX Animals
with CEMs (n)
+/+
(n)
tra-2
(n1106) (n)
+/+ 0 (100) 0 (120) 3 (172)
tra-4(bc250) 98 (259) 0 (149) 46 (178)
SynMuv A
lin-8(n2731) 0 (177) 0 (133) 3 (151)
lin-15A(n767) ND 0 (170) 4 (114)
lin-38(n751) 0 (210) 0 (96) 3 (128)
SynMuv B
Myb-Muv B
hda-1(e1795) m+z2 0 (37) 4 (101) 93 (148)
lin-52(n771) 22 (199) 0 (83) 18 (238)
lin-61(n3809) 0 (260) 0 (142) 23 (260)
Rb complex
dpl-1(n3643) 20 (77) 0 (132) 5 (314)
efl-1(n3318) m+z2 0 (34) 0 (46) 23 (53)
lin-35(n745) 20 (66) 0 (143) 57 (98)
lin-53(n833) 2 (203) 0 (89) 23 (122)
Myb complex related
lin-9(n112) 3 (96) 0 (112) 16 (315)
lin-37(n758) 18 (177) 0 (80) 66 (77)
lin-54(n2231) 20 (318) 0 (73) 51 (133)
Non-Myb-Muv B
hpl-2(tm1489) 1 (234) 0 (104) 22 (135)
let-418(s1617) m+z2a 0 (62) 0 (53) 3 (38)
lin-13(n387) m+z2 0 (67) 0 (91) 25 (150)
lin-15B(n744) ND 0 (130) 5 (87)
lin-36(n766) 0 (188) 0 (49) 5 (443)
SynMuv C
epc-1(RNAi) m+z2b 3 (81) 0 (87) 3 (74)
mys-1(n4075) m+z2 0 (66) 0 (53) 38 (76)
trr-1(n3630) m+z2 0 (76) 0 (51) 3 (63)
ssl-1(n4077) m+z2 0 (61) 0 (61) 19 (36)
SynMuv AB
lin-38(n751); lin-9(n112) 4 (623) ND ND
lin-8(n111); lin-37(n758) 17 (156) ND ND
SynMuv AC
lin-8(n2731);
mys-1(n4075) m+z2
ND ND 36 (62)
SynMuv BC
lin-52(n771);
mys-1(n4075) m+z2
ND ND 54 (48)
The presence of CEMs and Tra tails was determined as described in
Experimental Procedures. Strains that were analyzed for the pres-
ence of CEMs contained the transgene bcIs9, except for strain tra-
4(bc250), which contained the transgene bcIs8. m+z2 indicates
the presence of wild-type maternal product but the absence of
zygotic product. ND, not determined.
a Indicates that the strain was homozygous for dpy-18(e364) LG III
and unc-46(e177) LG V.
b Indicates that the strain was heterozygous for rde-1(ne219) LG V.found a second C. elegans open reading frame,
C50B6.2, with high similarity to mNASP and nasp-1,
which we will refer to as nasp-2 (Figure S1). We could
confirm the reported interactions in yeast between
TRA-4 and NASP-1 and between NASP-1 and HDA-1
(Figure 2B). The RD2 domain of TRA-4 is not required
for the ability of TRA-4 to bind to NASP-1 in yeast, since
a truncated TRA-4 protein lacking the RD2 domain
(TRA-4DN; see Figure 1E) still interacted with NASP-1,
albeit less efficiently (Figure 2B). In contrast, we did
not detect an interaction in yeast between TRA-4 and
NASP-2 or between NASP-2 and HDA-1. We conclude
that the interaction between TRA-4 and HDA-1 in vivo
is indirect and that NASP-1 might function as a bridging
protein between TRA-4 and HDA-1.
hda-1 and nasp-1/nasp-2 Function with tra-4 to
Promote Female Development
Loss of tra-4 function causes the inappropriate survival
during embryonic development of CEMs in hermaphro-
dites (tra-4(bc250)) and enhances the weak Tra pheno-
type of tra-2(n1106) hermaphrodites (tra-2(n1106); tra-
4(bc250)) (Table 2). Using these two defects as assays,
we tested whether the genes hda-1, nasp-1, and nasp-
2 play a role in sex determination. We found that inacti-
vation of the hda-1 gene strongly enhances the weak Tra
phenotype of tra-2(n1106) hermaphrodites: 3% of tra-
2(n1106) hermaphrodites and 4% of hermaphrodites
lacking zygotic hda-1 function (hda-1(e1795) m+z2)
have a Tra tail; however, 93% of tra-2(n1106) hermaph-
rodites lacking zygotic hda-1 function (tra-2(n1106);
hda-1(e1795) m+z2) have a Tra tail (Table 2). In contrast,
removal of zygotic hda-1 function did not enhance the
weak Tra phenotype of tra-4(bc250) hermaphrodites:
0% of tra-4(bc250) hermaphrodites (n = 149) and 5%
of tra-4(bc250) hermaphrodites lacking zygotic hda-1
function (hda-1(e1795) m+z2; tra-4(bc250)) (n = 64) had
Tra tails. These results suggest that tra-4andhda-1 func-
tion in one pathway to promote female development.
Similarly, we found that the simultaneous knock down
by RNA-mediated interference (RNAi) of nasp-1 and
nasp-2 function strongly enhances the weak Tra pheno-
type of tra-2(n1106) hermaphrodites: 7% of control tra-
2(n1106) hermaphrodites (tra-2(n1106); control(RNAi))
and 0% of hermaphrodites with reduced nasp-1 and
nasp-2 function (nasp-1(RNAi); nasp-2(RNAi)) have a
Tra tail; however, 49% of tra-2(n1106) hermaphrodites
with reduced nasp-1 and nasp-2 function (tra-2(n1106);
nasp-1(RNAi); nasp-2(RNAi)) have a Tra tail (Table 3).
Furthermore, the knock down of nasp-1 and nasp-2
function did not enhance the weak Tra phenotype of
tra-4(bc45) hermaphrodites: 0% of control tra-4(bc45)
hermaphrodites (tra-4(bc45); control(RNAi)) and 0% of
tra-4(bc45) hermaphrodites with reduced nasp-1 and
nasp-2 function (tra-4(bc45); nasp-1(RNAi); nasp-
2(RNAi)) had Tra tails. These results suggest that tra-4
and nasp-1/nasp-2 also function in one pathway to pro-
mote female development. We conclude that the genes
tra-4, nasp-1/nasp-2, and hda-1 function together to
promote female development.
tra-4 Acts in Parallel to tra-1
PLZF has been implicated in transcriptional repression,
and our epistasis studies suggest that the fem genes
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Genotype Control(RNAi) (n) tra-4(RNAi) (n) nasp-1(RNAi) (n) nasp-2(RNAi) (n)
nasp-1(RNAi),
nasp-2(RNAi) (n)
% XX Animals with CEMs
+/+ 0 (150) 76 (150) 0 (150) 0 (150) 3 (150)
tra-4(bc45) 90 (70) 90 (70) 91 (70) 98 (70) 96 (70)
tra-2(n1106) 96 (115) 100 (100) 100 (110) 100 (125) 100 (120)
% XX Animals with Tra Tails
+/+ 0 (150) 0 (150) 0 (150) 0 (150) 0 (150)
tra-4(bc45) 0 (70) 0 (70) 0 (70) 0 (70) 0 (70)
tra-2(n1106) 7 (75) 37 (60) 7 (70) 20 (85) 49 (80)
The presence of CEMs and Tra tails was determined as described in Experimental Procedures. All strains contained the transgene bcIs9.
F53B3.2(RNAi) was used as control(RNAi).might be negatively regulated by tra-4. Therefore, using
semiquantitative RT-PCR and Northern analysis, we de-
termined whether the loss of tra-4 function in hermaph-
rodites results in the inappropriate upregulation at the
transcriptional level of the fem genes. However, we
failed to detect differences in the levels of fem-1, fem-
2, or fem-3 mRNAs in tra-4(bc250) hermaphrodites
when compared to wild-type hermaphrodites (data not
shown). We conclude that the genes fem-1, fem-2, and
fem-3 are neither direct nor indirect transcriptional tar-
gets of the TRA-4 protein.
The TRA-1 transcription factor causes female devel-
opment in XX animals by repressing the transcription
of male-specific genes. Therefore, we considered the
possibility that TRA-4 acts with TRA-1 to repress male-
specific genes. For this reason, we determined whether
the tra-4 and tra-1 genes act in parallel. Loss of tra-1
function results in the almost complete masculinization
of the soma of XX animals. For example, XX animals ho-
mozygous for tra-1(e1099), a strong lf and potential null
mutation of tra-1, develop into ‘‘pseudomales’’ that
are largely indistinguishable from wild-type X0 males
(Hodgkin, 1987). However, when compared to wild-
type X0 males, tra-1(e1099) XX pseudomales perform
less well in mating tests. For instance, while 100% of
the matings set up with wild-type X0 males and fem-
3(e1996) females resulted in cross progeny (n = 20),
only 40% of the matings set up with tra-1(e1099) XX
pseudomales and fem-3(e1996) females resulted in
cross progeny (n = 20). This defect in mating efficiency
of tra-1(e1099) XX pseudomales has been attributed to
a defect in the development of the somatic gonad, which
is unrelated to the function of tra-1 in regulating sexual
fate (Hodgkin, 1987; Schedl et al., 1989).
If tra-4 acts in parallel to tra-1, loss of tra-4 function
should further masculinize tra-1(e1099) XX pseudo-
males. Therefore, we analyzed the mating efficiency of
XX pseudomales lacking both tra-1 and tra-4 function.
We found that 90% of the matings set up with tra-
1(e1099); tra-4(bc250) XX pseudomales and fem-
3(e1996) females resulted in cross progeny (n = 20). In
contrast, loss of tra-4 function did not suppress the de-
fect of tra-1(e1099) XX pseudomales in somatic gonad
development (Table S2). Furthermore, we found that
loss of tra-4 function increased the mating efficiency
of tra-2(e1095) XX pseudomales from 0% successful
matings (n = 19) to 26% successful matings (n = 19).
(tra-2(e1095) is a strong lf and potential null mutationof the tra-2 gene [Hodgkin and Brenner, 1977].) These
results indicate that loss of tra-4 function further mascu-
linizes tra-2(e1095) and tra-1(e1099) XX pseudomales.
We conclude that tra-4 acts in parallel to the main
sex-determination pathway and tra-1 to promote female
development (Figure 3).
TRA-1 and TRA-4 Cooperate to Repress
Male-Specific Genes
Two direct targets of the TRA-1 protein have been de-
scribed to date in somatic tissues—the genes egl-1
and mab-3. egl-1 encodes a proapoptotic member of
the Bcl-2 protein family and is required to kill the her-
maphrodite-specific HSN neurons in X0 embryos (Con-
radt and Horvitz, 1998). mab-3 encodes a DM (DM, dou-
blesex and mab-3 related) domain-containing DNA
binding protein, which regulates several aspects of so-
matic male development (Raymond et al., 1998). To
determine whether the loss of tra-4 function affects the
expression of male-specific genes in XX animals, we an-
alyzed the expression of an egl-1 transgene (Pegl-1gfp)
(Conradt and Horvitz, 1999). As expected, Pegl-1gfp is
expressed in 0% of the HSNs in wild-type XX animals
(n = 27). We found that the loss of tra-4 function resulted
in the inappropriate derepression of the Pegl-1gfp trans-
gene in 84% of the HSNs of XX animals (tra-4(bc250);
n = 27). Therefore, the repression of egl-1 transcription
in the HSNs in XX animals is dependent on tra-1 and
tra-4. We conclude that tra-1 and tra-4 cooperate to
repress male-specific genes in XX animals.
Loss of fem-3 Function in Hermaphrodites Results
in Increased TRA-1 Activity
Our epistasis studies suggest that tra-4might negatively
regulate the fem genes. However, we also found that
tra-4 acts in parallel to tra-1 and the main sex-determi-
nation pathway (i.e., the fem genes) to promote female
development. These apparently inconsistent observa-
tions could be explained if the loss of fem function in
XX animals resulted in an increase in the level of TRA-1
activity, and if this increase in TRA-1 activity compen-
sated for the loss of tra-4 function. The data described
above indicate that tra-1 and tra-4 cooperate to repress
male-specific genes. Therefore, it is feasible that an in-
crease in the level of TRA-1 activity could compensate
for the loss of tra-4 function. To test whether the loss
of fem function increases TRA-1 activity in XX animals,
we took advantage of the egl-1 gf mutation n1084 (Desai
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A simplified genetic pathway is shown. tra-4, nasp-1, nasp-2, and hda-1 encode components of a protein complex that acts in parallel to tra-1 to
repress male development in XX animals. In addition, genes encoding components of a putative C. elegans Myb-Muv B-like complex cooperate
with tra-4, nasp-1, nasp-2, hda-1, and tra-1 to promote female development. Finally, genes encoding a component of the putative C. elegans
Tip60/NuA4 complex and a SWI/SNF-like factor also promote female development. See text for details.and Horvitz, 1989). In wild-type XX animals, TRA-1 binds
to a single TRA-1 binding site in cis regulatory regions
of the egl-1 locus. Consequently, egl-1 transcription in
the HSNs is repressed, and 100% of the HSNs survive
(n = 40). n1084gf is a point mutation in this TRA-1 binding
site and strongly reduces the ability of TRA-1 to bind to
this site (Conradt and Horvitz, 1999). For this reason, in
egl-1(n1084gf) XX animals, TRA-1 is unable to repress
egl-1 transcription in the HSNs, and, consequently, 0%
of the HSNs survive (n = 40). However, in XX animals het-
erozygous for egl-1(n1084gf) (egl-1(n1084gf)/+), 28% of
the HSNs survive, indicating that some TRA-1 can suc-
cessfully bind to the mutant TRA-1 binding site and re-
press egl-1 transcription. Therefore, the survival of the
HSNs in an egl-1(n1084gf)/+ background can be used
as an in vivo assay for TRA-1 activity.
We found that the loss of one copy of the fem-3
gene resulted in the survival of 50% of the HSNs
in egl-1(n1084gf)/+ XX animals (fem-3(e1996)/+; egl-
1(n1084gf)/+) (n = 80). The loss of both copies of fem-3
resulted in the survival of 74% of the HSNs in egl-
1(n1084gf)/+ XX animals (fem-3(e1996); egl-1(n1084gf)/+)
(n = 50). We conclude that loss of fem function in XX
animals results in an increase in TRA-1 activity. There-
fore, the loss of fem function suppresses the loss of
tra-4 function in XX animals indirectly by increasing
TRA-1 activity.
tra-4 Is a SynMuv B Gene
The HDAC gene hda-1 functions with tra-4 to promote
female development. hda-1 is a member of the synMuv
B group of genes. SynMuv A and B genes share a redun-
dant function during larval development, which is to
negatively regulate LET-60/Ras-mediated vulval induc-
tion in six ectodermal blast cells, the vulval precursor
cells (VPCs) (reviewed by Wang and Sternberg, 2001).
In addition, a third group of genes, the synMuv C genes,
shares a partially redundant function with synMuv A and
B genes in the regulation of LET-60/Ras-mediated vulval
induction (Ceol and Horvitz, 2004). (A comprehensive list
of synMuv genes with brief descriptions of their gene
products is provided in Table S3.) We found that tra-4
is a new, to our knowledge, member of the synMuv B
group of genes.Wild-type hermaphrodites have a single vulval invag-
ination. The simultaneous inactivation of a synMuv A
and a synMuv B gene results in the inappropriate induc-
tion of the vulval fate in the VPCs P3.p, P4.p, and P8.p
and, consequently, the formation of more than one vul-
val invagination, referred to as the synthethic multivulval
or synMuv phenotype. For example, lin-15A lin-15B dou-
ble mutants (lin-15AB(n765)) have, on average, 3.93 vul-
val invaginations (Table 4). Mutations in synMuv C genes
cause a weak multivulval (Muv) phenotype, which is
greatly enhanced by mutations in either synMuv A or B
genes. Loss of tra-4 function does not cause the inap-
propriate induction of the vulval fate. Therefore, tra-4
is not a synMuv C gene. In contrast, the simultaneous in-
activation of tra-4 and any of the four synMuv A genes
(lin-8, lin-15A, lin-38, lin-56) resulted in from 1.23 vulval
invaginations (lin-38(n751); tra-4(bc250)), on average,
to 3.04 vulval invaginations, on average (lin-8(n111);
tra-4(bc250)) (Table 4; Figure S2).
To confirm that the synMuv phenotype observed in
tra-4 synMuv A double mutants is dependent on LET-
60/Ras signaling, we analyzed the expression of the
gene egl-17 in tra-4 lin-15A animals. egl-17 is a target
of LET-60/Ras signaling and is activated at the tran-
scriptional level in descendants of VPCs that have adop-
ted the vulval fate (Burdine et al., 1998). We found that
a Pegl-17gfp reporter was expressed in the ectopic vulval
invaginations of tra-4 lin-15A animals, indicating that
LET-60/Ras signaling had been induced inappropriately
(tra-4(bc250) lin-15A(n767)) (Figure S3). This conclusion
is supported by the finding that the let-60 lf mutation
n2034 suppressed the synMuv phenotype of tra-4 lin-
15A animals (let-60(n2034); tra-4(bc250) lin-15A(n767))
(Table 4).
Finally, to test whether a weak masculinization of her-
maphrodites lacking synMuv A function is sufficient to
cause a synMuv phenotype, we analyzed lin-15A ani-
mals in the background of tra-2(n1106). tra-2(n1106);
lin-15A(n767) animals had, on average, 1.04 vulval in-
vaginations (Table 4). Therefore, a weak masculinization
is not sufficient to cause a synMuv phenotype in her-
maphrodites lacking synMuv A function. In summary,
based on these results, we conclude that tra-4 is a syn-
Muv B gene.
Developmental Cell
568Table 4. tra-4 Is a SynMuv B Gene
Genotype SynMuv Class
% Animals
with >1 Vulva
Average Number
of Vulval Invaginations (n)
+/+ — 0 1.00 6 0.00 (33)
lin-8(n111) A 0 1.00 6 0.00 (70)
lin-15A(n767) A 2 1.02 6 0.14 (50)
lin-38(n751) A 4 1.04 6 0.20 (94)
lin-56(n2738) A 9 1.09 6 0.29 (44)
tra-4(bc45) B 0 1.00 6 0.00 (52)
tra-4(bc250) B 0 1.00 6 0.00 (52)
lin-15B(n744) B 0 1.00 6 0.00 (43)
lin-15AB(n765) AB 100 3.93 6 0.26 (57)
lin-8(n111); tra-4(bc250) AB 84 3.04 6 1.11 (70)
tra-4(bc250) lin-15A(n767)* AB 26 1.30 6 0.55 (46)
tra-4(bc250) lin-15A(n767) AB 81 2.44 6 0.96 (43)
tra-4(bc45) lin-15A(n767) AB 58 2.04 6 1.07 (55)
lin-38(n751); tra-4(bc250) AB 18 1.23 6 0.54 (91)
lin-56(n2738); tra-4(bc250) AB 26 1.44 6 0.80 (43)
tra-4(bc250) lin-15B(n744) BB 2 1.02 6 0.14 (52)
let-60(n2034)* — 0 0.00 6 0.00 (33)
let-60(n2034); tra-4(bc250) lin-15A(n767)* AB 0 0.03 6 0.18 (31)
tra-2(n1106) — 0 1.00 6 0.00 (71)
tra-2(n1106); lin-15A(n767) A 0 1.04 6 0.20 (51)
The number of vulval invaginations and vulvae was determined as described in Experimental Procedures. Numbers represent averages6 stan-
dard deviations and percent, respectively. All strains were grown at 25C, except for the strains marked with an asterisk (*), which were grown at
20C.SynMuv B and C Genes, but Not SynMuv A Genes,
Promote Female Development
Using the inappropriate survival during embryonic
development of CEMs in hermaphrodites and the en-
hancement of the weak Tra phenotype of tra-2(n1106)
hermaphrodites as assays, we tested whether hermaph-
rodites carrying mutations in other synMuv B genes
have defects in feminization. We found that out of the
15 synMuv Bmutants tested, 12 had defects in feminiza-
tion during embryonic and/or larval development (tam-1
and mep-1 mutants were not analyzed) (Table 2;
Figure S4). In addition, the synMuv C mutants mys-1
and ssl-1, but not trr-1 or epc-1, had defects in feminiza-
tion (Table 2). In contrast, none of the three synMuv A
mutants tested had defects in feminization (lin-56 was
not analyzed) (Table 2). Therefore, a number of synMuv
B and C genes, but not synMuv A genes, promote female
development.
Since synMuv A and B genes act redundantly to an-
tagonize LET-60/Ras-mediated vulval induction, we
tested whether the two groups of genes function redun-
dantly during female development. The defects in femi-
nization observed in the synMuv B mutants lin-9 and
lin-37 were not enhanced by mutations in the synMuv
A genes lin-38 or lin-8, respectively (lin-38(n751); lin-
9(n112), lin-8(n111); lin-37(n758)) (Table 2). This observa-
tion suggests that synMuv A and B genes do not
function redundantly during female development. Fur-
thermore, the inactivation of the synMuv A gene lin-8
failed to enhance the defect in feminization observed
in the synMuv C mutant mys-1, indicating that synMuv
A and C genes also do not function redundantly during
female development. Finally, the defect observed in an-
imals lacking mys-1 function as well as the function of
the synMuv B gene lin-52 was approximately equal to
the sum of the defects observed in mys-1 and lin-52
single mutants (Table 2). This observation suggeststhat, rather than acting redundantly, synMuv B and C
genes act in parallel to promote female development.
We tested additional genes encoding factors impli-
cated in transcriptional regulation and chromatin re-
modeling, such as genes encoding homologs of com-
ponents of the vertebrate NuRD (NuRD, nucleosome
remodeling and histone deacetyltransferase) complex
and the HDACs HDA-3 and HDA-4, for a role in female
development (see Table S3). We found that inactivation
of none of these genes resulted in a defect in feminiza-
tion (Table S4). This observation indicates that misregu-
lation of the chromatin state does not generally result in
a defect in feminization.
Discussion
A Protein Complex Composed of TRA-4/PLZF-like,
NASP, and HDA-1/HDAC Cooperates with TRA-1/Gli
to Repress Male-Specific Genes in C. elegans
tra-4, nasp-1/nasp-2, and hda-1 function in one path-
way to promote female development. Furthermore, the
TRA-4, NASP-1, and HDA-1 proteins can physically
associate. Therefore, we propose that a complex com-
posed of these three proteins acts to promote female
development. (NASP-2, which is partially redundant
with NASP-1, might also be part of this complex.) The
assembly of the TRA-4, NASP, HDA-1 complex may be
independent of the RD2 domain of TRA-4, which sug-
gests that, like mammalian PLZF, the TRA-4 protein
contains two protein-protein interaction domains.
Based on the homologies of TRA-4, NASP-1/NASP-2,
and HDA-1 to known factors, we propose that the
TRA-4, NASP, HDA-1 complex promotes female devel-
opment by repressing gene transcription. Since tra-4
acts in parallel to tra-1 and is required for the repression
of egl-1 in the HSNs in XX animals, we hypothesize that
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TRA-1 to repress the transcription of male-specific
TRA-1 target genes. As is the case for vertebrate Gli,
the ability ofC. elegans TRA-1 to repress gene transcrip-
tion is therefore dependent on a repressor complex, the
TRA-4, NASP, HDA-1 complex, and HDAC activity.
Mammalian PLZF is a sequence-specific DNA binding
protein (Mistry et al., 2003; Zelent et al., 2001). For this
reason, the TRA-4, NASP, HDA-1 complex might be re-
cruited to TRA-1 target genes through the binding of
TRA-4 to specific DNA binding sites. The derepression
of egl-1 transcription in the HSNs of XX animals lacking
tra-4 function is suppressed by a deletion that removes
a 1.2 kb cis regulatory region of the egl-1 locus. This ob-
servation suggests that specific TRA-4 DNA binding
sites required for the assembly of the TRA-4, NASP,
HDA-1 complex might be located in this region (unpub-
lished data). Interestingly, this cis regulatory region also
includes the TRA-1 binding site that is required for the
ability of TRA-1 to repress egl-1 transcription (Conradt
and Horvitz, 1999).
Implications for the Role of Mammalian PLZF
and NASP in Development
Studies of mice lacking Plzf function indicate that the
PLZF protein plays an important role in the patterning
of the limb and axial skeleton (Barna et al., 2000,
2002). In addition, as a consequence of the inability of
spermatogonial stem cells to self-renew, the loss of
Plzf function causes a defect in sperm production
(Buaas et al., 2004; Costoya et al., 2004). Plzf is most
highly expressed in undifferentiated, multipotential he-
matopoietic progenitor cells, which suggests that it
might also be required for the maintenance of stem cells
in the hematopoietic lineage (Reid et al., 1995). These
findings suggest that PLZF has a role in differentiation
as well as in maintaining stem cells in an undifferentiated
state. Murine PLZF has also been shown to play a role in
the transcriptional regulation of the gene dmrt2, which is
a regulator of sexual development structurally similar to
the mab-3 gene of C. elegans, one of the two somatic
target genes of TRA-1 (Costoya et al., 2004; Raymond
et al., 1999). Hence, PLZF-like proteins might share
a conserved role in sex determination. Furthermore, it
has recently been demonstrated that the Plzf and Gli3
genes cooperate during pattering of the proximal limb
in early mouse embryos (Barna et al., 2005). Therefore,
the control of gene expression by the combined action
of PLZF- and Gli-like transcription factors might be
a common feature of differentiation in animals as diverse
as C. elegans and mammals.
Based on these findings, we speculate that TRA-4
rather than EOR-1, which has been implicated in the reg-
ulation of Ras signaling and apoptosis (Hoeppner et al.,
2004; Howard and Sundaram, 2002), is the functional
ortholog of PLZF in C. elegans. This view is supported
by the following observations. EOR-1 contains a POZ
domain, which is found in a wide range of proteins, in-
cluding PLZF, but it lacks the RD2 domain, which is
specific to PLZF. In contrast, TRA-4 lacks a POZ domain
but has the RD2 domain. Furthermore, at least to our
knowledge, the C. elegans genome encodes for 181
POZ domain-containing proteins, but only for one RD2-
containing protein, TRA-4 (Stogios et al., 2005). For thisreason, the continued analysis of the role of tra-4 in C.
elegans development should prove beneficial with re-
spect to our knowledge of the role of Plzf in mammalian
development.
Reducing the function of mammalian NASP in tissue
culture cells results in a defect in cell proliferation. In ad-
dition, the lack of mNASP function in mice causes early
embryonic lethality (Richardson et al., 2006). Therefore,
it has been proposed that by virtue of acting as a H1
linker histone chaperone, the NASP protein plays a key
role in nucleosome remodeling and chromatin assembly
after DNA replication. Our results hint at the possibility
that mammalian NASP might also play a role in regulated
gene expression during development, such as in the re-
pression of male-specific genes. Furthermore, like ETO,
mammalian NASP might function as a bridging protein
and help recruit corepressor complexes and HDACs to
PLZF.
Female Development in C. elegans Is Promoted
by SynMuv B Proteins
tra-4 is a synMuv B gene. Therefore, tra-4 acts to antag-
onize LET-60/Ras-mediated signaling during vulval de-
velopment. Furthermore, like tra-4, a number of synMuv
B genes also promote female development. This subset
includes the ten synMuv B genes that encode homologs
of components of the Drosophila Myb-Muv B complex,
which has been implicated in transcriptional repression
and chromatin remodeling (Korenjak et al., 2004; Lewis
et al., 2004, and references therein; C. Ceol, X. Lu, M.
Harrison, and H.R. Horvitz, personal communication),
and the genes lin-13 and hpl-2, which encode a zinc fin-
ger-containing protein and a protein similar to the het-
erochromatin protein HP1, respectively (Couteau et al.,
2002; Melendez and Greenwald, 2000) (also see Table
S3). Therefore, our results indicate that a protein com-
plex similar to the Drosophila Myb-Muv B complex pro-
motes female development in C. elegans by repressing
gene transcription. Since the synMuv B gene tra-4 acts
in parallel to tra-1 to repress male-specific genes, we
propose that the putative C. elegans Myb-Muv B-like
complex cooperates with the TRA-4, NASP, HDA-1
complex and TRA-1 to repress male-specific genes.
The putative C. elegans Myb-Muv B-like complex could
be recruited to male-specific genes through TRA-4 or
the synMuv B protein EFL-1, a C. elegans homolog of
mammalian E2F, a sequence-specific DNA binding pro-
tein (Ceol and Horvitz, 2001). How TRA-1, the TRA-4,
NASP, HDA-1 complex, as well as a C. elegans Myb-
Muv B-like complex might cooperate mechanistically
remains to be determined.
mRNA expression profiling in Drosophila revealed
that the Myb-Muv B components RBF1/Rb and RBF2/
Rb, dE2F2/E2F, dLIN-9/Mip130, and dLIN-54/Mip120
are required for the repression of male-specific genes
in females (Dimova et al., 2003; Korenjak et al., 2004).
This finding suggests that the involvement of a Myb-
Muv B-like complex in the transcriptional regulation of
sex-specific genes might be conserved, at least among
C. elegans and Drosophila. Furthermore, the Drosophila
homolog of the C. elegans synMuv B protein HPL-2,
HP1, has been shown to regulate gene transcription
and chromatin structure in a sex-specific manner (Liu
et al., 2005).
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Sex-Determining Pathways
Many developmental processes are highly conserved
across animal phyla. However, the process of sex deter-
mination is an exception: pathways involved in sex de-
termination differ greatly among C. elegans, Drosophila,
and mammals. Only recently has a protein family been
described, the family of DM domain-containing proteins
with representatives in C. elegans (MAB-3), Drosophila
(Dsx), and mammals (DMRT1, 2), that appears to have
a conserved function in sex determination (reviewed
by Zarkower, 2001). With the finding that PLZF-like pro-
teins function in sexual differentiation in C. elegans and
mammals, and that components of Myb-Muv B-like
complexes function in sexual differentiation in C. ele-
gans andDrosophila, a new conserved aspect of sex de-
termination might have been discovered. Furthermore,
we speculate that one target of these potentially con-
served transcriptional repressor complexes are genes
encoding DM-containing proteins such as C. elegans
mab-3 and mammalian dmrt 2. It will be of interest to de-
termined how extensive the functional conservation of
the PLZF-containing and Myb-Muv B-like complexes
in sex determination is as well as whether genes encod-
ing DM-containing proteins are relevant target genes of
these repressor complexes.
The Acetylation of Histones Is a Critical Aspect
of Proper Female Development in C. elegans
Like tra-4, nasp-1/nasp-2, hda-1, and a number of syn-
Muv B genes, the synMuv C genes mys-1 and ssl-1 pro-
mote female development. mys-1 encodes a member of
the MYST family of HATs, which are associated with
Tip60/NuA4-like HAT complexes. ssl-1 encodes a p400
SWI/SNF-like ATPase, which can physically interact
with Tip60/NuA4-like complexes (Ceol and Horvitz,
2004). The finding that components of a protein complex
implicated in histone acetylation promote a process that
is also dependent on HDAC activity (HDA-1) suggests
that proper female development in C. elegans is the re-
sult of a finely tuned balance between histone acetyla-
tion and deacetylation. Recently, it has been demon-
strated that human PLZF can be acetylated by the HAT
p300 (Guidez et al., 2005). Acetylation occurs at lysine
residues in the sixth and ninth zinc fingers of the PLZF
protein and is important for the ability of PLZF to repress
transcription. Similarly, the TRA-4 protein sequence
contains an acetylation motif in the fourth zinc finger do-
main. Alternatively, rather than through the acetylation
of histones, the synMuv C proteins MYS-1 and SSL-1
might therefore promote female development by acety-
lating the TRA-4 protein.
TheRole of Epigenetic GeneRegulation inC. elegans
Sex Determination
Our results demonstrate that stable changes in gene ex-
pression, mediated by the covalent modification of his-
tones, are an important aspect of female development
in C. elegans. At least to our knowledge, this is the first
evidence that epigenetic gene regulation plays a role
in C. elegans sex determination.
In XX animals that lack tra-4 function, female develop-
ment during embryogenesis is completely blocked.
Therefore, the TRA-4, NASP, HDA-1, and Myb-MuvB-like complexes are necessary for female development
during embryonic development. The first sign of sexual
dimorphism in XX animals is the death of the CEMs,
which occurs w9 hr after fertilization and 5 hr before
hatching (at 20) (Sulston et al., 1983). Temperature-shift
experiments with a temperature-sensitive tra-2 lf muta-
tion indicate that tra-2 activity becomes necessary for
female development w6 hr after fertilization (Klass
et al., 1976). Based on this observation, TRA-1 activity
probably starts to increase some time after 6 hr postfer-
tilization. Therefore, we suggest that the TRA-4, NASP,
HDA-1 and Myb-Muv B-like complexes are required to
repress male-specific genes until TRA-1 activity has
reached a sufficient level. Consistent with such a model
is the observation that tra-4 and hda-1, but not tra-1, are
maternal-effect genes (Hodgkin, 1987).
In contrast to female development during embryogen-
esis, female development during postembryonic devel-
opment is not affected in tra-4 XX animals unless female
development is compromised already, for example by
the mutation tra-2(n1106). Therefore, rather than being
required for female development, the TRA-4, NASP,
HDA-1 and Myb-Muv B-like complexes have an ancillary
function in female development during postembryonic
development. Dosage compensation in XX embryos
neutralizes the X/A ratio, the primary sex-determining
signal (Meyer, 2005). For this reason, the level of TRA-
1 activity might decrease after having reached a peak.
Hence, the TRA-4, NASP, HDA-1 and Myb-Muv B-like
complexes might be required to compensate for de-
creasing levels of TRA-1 activity after neutralization of
the primary sex-determining signal, and, hence, they
might play an ancillary role in maintaining male-specific
genes in an ‘‘off state.’’
Alternatively, the level of TRA-1 activity in XX animals
might not be limiting at any stage of development. In
this case, the mechanisms through which TRA-1 re-
presses gene transcription, the nature of TRA-1 target
genes, and/or the presence of additional coregulator
complexes might explain why the TRA-4, NASP,
HDA-1 and Myb-Muv B-like complexes play different
roles during embryonic and postembryonic develop-
ment. For example, in contrast to postembryonic
TRA-1 target genes, the repression of embryonic
TRA-1 target genes might depend not only on the bind-
ing of TRA-1 to its target site and the short-range inac-
tivation of flanking enhancers, but also on the recruit-
ment of a corepressor complex with HDAC activity.
Finally, TRA-1-mediated repression of male-specific
genes could always involve the recruitment of the
TRA-4, NASP, HDA-1 and Myb-Muv B-like complexes;
however, in contrast to embryonic development, these
complexes may share a partially redundant role with
additional coregulator complexes during postembry-
onic development.
Implications for the Role of Mammalian PLZF
in Tumorigenesis
The human Plzf gene was originally identified at the
breakpoint of the chromosomal translocation t(11;
17)(q23;q21), which is found in some patients with acute
promyelocytic leukemia (APL) (Mistry et al., 2003; Zelent
et al., 2001). The t(11; 17)(q23;q21) translocation fuses
the Plzf gene to the gene encoding the transcriptional
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571activator retinoic acid receptor a (RARa). The resulting
reciprocal fusion genes are coexpressed in myeloid
cells and are thought to cause leukemogenesis by de-
regulating the expression of PLZF and RARa target
genes. Based on our results, the deregulation of PLZF
and RARa target genes in patients carrying the t(11;
17)(q23;q21) translocation could be the result of either
the lack of recruitment of a mammalian PLZF, NASP,
HDAC complex and/or Myb-Muv B-like complex to
PLZF target genes or the inappropriate recruitment of
these transcriptional repressor complexes to RARa tar-
get genes. The putative mammalian Myb-Muv B com-
plex contains factors that have been implicated in
growth control and/or tumor suppression, such as Rb,
E2F, and B-myb (Sala, 2005; Shepard et al., 2005; Ste-
vaux and Dyson, 2002). It will be interesting to determine
the possible role of these factors in PLZF-mediated
tumorigenesis.
Experimental Procedures
Strains and Genetics
C. elegans strains were cultured as described (Brenner, 1974). Bris-
tol N2 was used as the wild-type strain. The wild-type strain CB4856
(Hawaii) was used in conjunction with N2 for single nucleotide poly-
morphism (SNP) mapping. Mutations and transgenes used in this
study are listed below and are described by (Riddle, 1997), except
where noted otherwise: (LG I) ayIs4 (Burdine et al., 1998), dpy-
5(e61), lin-61(n3809) (X. Lu, M. Harrison, and H.R. Horvitz, personal
communication), lin-35(n745), lin-53(n833) (Lu and Horvitz, 1998),
hda-3(tm1374) (National Bioresource Project); (LG II) unc-4(e120),
lin-8(n111), lin-8(n2731) (Thomas et al., 2003), dpl-1(n3643) (Ceol
and Horvitz, 2001), tra-2(n1106) (Desai and Horvitz, 1989), tra-
2(e1095), tra-2(e2020), egl-27(n170), trr-1(n3630) (Ceol and Horvitz,
2004), lin-56(n2738) (Thomas et al., 2003); (LG III) dpy-18(e364),
unc-119(ed4), unc-36(e251), fem-2(e2105), lin-52(n771) (Thomas
et al., 2003), lin-9(n112), lin-37(n758), lin-36(n766), lin-13(n770)
(Thomas et al., 2003), lin-13(n387), epc-1(n4076) (Ceol and Horvitz,
2004), ssl-1(4077) (Ceol and Horvitz, 2004), hpl-2(tm1489) (National
Bioresource Project), cec-1(ok1005) (C. elegans Gene Knockout
Consortium), set-2(ok952) (C. elegans Gene Knockout Consortium);
(LG IV) dpy-20(e1282), fem-1(e1965), fem-3(e1996), lin-54(n2231)
(Thomas et al., 2003), let-60(n2034); (LG V) her-1(y101hv1) (Perry
et al., 1993), dpy-11(e224), hda-1(e1795) (Dufourcq et al., 2002),
efl-1(n3318) (Ceol and Horvitz, 2001), let-418(s1617), egr-1(gk255)
(Solari et al., 1999), mys-1(n4075) (Ceol and Horvitz, 2004), egl-
1(n1084), unc-46(e177), rde-1(ne300) (Tabara et al., 1999); (LG X)
unc-18(e81), unc-20(e112), unc-2(e55), dpy-3(m39), lon-2(e678),
lin-15A(n767), lin-15B(n744), lin-15AB(n765), chd-3(eh4) (Sanger
Center Knockout Consortium), hpl-1(tm1624) (National Bioresource
Project), hda-4(ok518) (C. elegans Gene Knockout Consortium).
Mutations and stable transgenes generated in this study are:
(LG III) bcIs8 (Ppkd-2gfp; lin-15AB(+)); (LG X) tra-4(bc45), tra-
4(bc250), bcIs9 (Ppkd-2gfp; lin-15AB(+)). tra-4(bc250) was identified
by screening a C. elegans knockout library generated as described
by Jansen et al. (1997) and was backcrossed five times to N2 prior to
use. bcEx282 is an extrachromosomal array expressing the func-
tional Ptra-4gfp-tra-4 transgene (pBC295) (50 ng/ml pBC295 + 50 ng/
ml pRF4). pBC295 was generated by PCR amplifying the gfp
sequence from pPD95.02 (a gift from Andrew Fire) with flanking
BsrFI restriction sites and by ligating it into the BsrFI site in the sec-
ond exon of the tra-4 gene contained in pBC291. Germline transfor-
mation and RNA-mediated interference (RNAi) by feeding were per-
formed as described by Mello and Fire (1995) and Timmons et al.
(2001).
Cloning of tra-4
Standard genetic techniques were used to map tra-4 between unc-2
and unc-20 on LG X. SNP mapping was used to locate tra-4 between
the SNPs F55F1:6752 and F53B3:2940. Cosmid F53B3 and a F53B3
subclone contained in pBC291 rescued the tra-4(bc45) phenotype.A 5,679 bp XmaI subclone of F53B3 was cloned into the XmaI site
of pBluescript II KS+ (Stratagene) to generate pBC291.
Phenotypic Analysis
The presence or absence of CEMs and HSNs and the morphology
and position of B cells and coelomocytes were scored by Nomarski
optics as described (Sulston and Horvitz, 1977). The presence of the
CEMs was also scored at the 24–36 hr post-L4 stage by using the re-
porter Ppkd-2gfp and epifluorescence (Barr and Sternberg, 1999).
The presence of Tra tails was scored at the 24–36 hr post-L4 stage
by using criteria as described (Hodgkin, 1987). The number of vulval
invaginations and vulvae was determined as described (Ferguson
and Horvitz, 1989). The expression of egl-17 was determined in L4
animals by using epifluorescence (Burdine et al., 1998).
Mating Assay
Ten X0 males or XX pseudomales at the L4 stage and four fem-
3(e1996) females at the L4 stage were placed onto a 40 mm culture
plate. The plates were scored for progeny after 3 days at 20C. The
progeny on plates set up with XX pseudomales were analyzed for
the presence of hermaphrodites only, to exclude the presence of
X0 males in the mating experiment.
Coimmunoprecipitation Experiments
A total of 8–15 large (100 mm) 63NGM plates (plates with 6 times the
amount of bactopeptone and twice the amount of cholesterol com-
pared to standard NGM culture plates) of a mixed stage population
(mostly L3 larvae) were harvested. The worms were collected,
washed with M9 buffer, and homogenized in lysis buffer (50 mM
Tris-HCl [pH7.4], 100 mM NaCl, 20% glycerol, 3 mM MgCl2, 0.1%
NP-40, 1 mM DTT, protease inhibitor cocktail [Sigma]) on ice by us-
ing a glass dounce homogenizer with a tight pistil. Immunoprecipita-
tions were performed with monoclonal anti-GFP (anti-AFP, mAb
3E6, QBiogene) and anti-FLAG(M2) (Sigma) antibodies as described
by the manufacturers. To detect HDA-1, we used a polyclonal anti-
HDA-1 antibody (Ce-87, Santa Cruz).
Yeast Two-Hybrid System
Full-length cDNAs of tra-4, hda-1, nasp-1, and nasp-2 were cloned
into the vector pAS1 (nasp-1, nasp-2) to create a GAL4 DNA binding
domain fusion (bait) or into the vector pACT2 (tra-4, hda-1) to create
a GAL4 transactivation domain fusion (prey) (pAS1, pACT2 [Bai and
Elledge, 1996]). Yeast strain Y190 was cotransformed with these
plasmids by using standard protocols and transformants selected
on SD medium lacking tryptophane and leucine. b-galactosidase ac-
tivity was assayed on filters as described by Bai and Elledge (1996).
Supplemental Data
Supplemental data include four figures and four tables and are avail-
able at http://www.developmentalcell.com/cgi/content/full/11/4/
561/DC1/.
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